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Abstract. In the industrial world the interest in Precision Positioning Systems is exponentially 
increasing in relation to the rapid growth of Ultra High Precision (UHP) machining. A greater 
attention is given to traditional techniques and developing of innovative solutions. This paper 
intends to present a review of the actual state of art in precision positioning system based on flexure 
hinge related to industrial machines, showing a comparison between different techniques. 
Precision Positioning Systems based on Flexure Hinge 
Micromachining excellence implies innovative solutions and methodologies able to perform 
dimension-constrained extremely precise works and to maintain these performances over time [1-3]. 
In this way, precision positioning systems play a relevant role to obtain high performance in 
machining accuracy [4-6]. This paper presents an overview of novel solutions proposed to 
overcome the limits of the commercially available precision positioning stage. The study focuses on 
positioning technologies based on flexure hinges actuated by smart actuators [7], that represent an 
important opportunity in machine tool applications. Compliant mechanisms are a relatively new 
class of mechanisms that utilize compliance of their constituent elements to transmit motion and/or 
force [8]. A compliant mechanism is a flexible monolithic structure with notches and holes cut on 
them, thus this kind of device moves solely by deformation, typically by utilizing flexures in place 
of conventional bearings. Since these devices do not entail any sliding or rolling, they are free of 
backlash and Coulomb friction, and thus have perfectly smooth mechanics. The absence of hard 
nonlinearities in compliant mechanism behaviour places no fundamental physical limitations on the 
resolution of position or force control. Additionally, the absence of conventional joints or other 
bearing surfaces produces a clean device that is free of lubricants or other contaminants and thus is 
extremely conducive to clean environments. Complaint mechanisms can be designed for any desired 
input, output, force displacement characteristics, including specified volume/ weight, stiffness, and 
natural frequency constraints [9]. As flexure is permitted in these mechanisms, they can be readily 
integrated with unconventional actuation schemes, including thermal, electrostatic, piezoelectric, 
and SMA actuators [10-11]. The compliant mechanism entails some disadvantages. The flexure 
hinges of the compliant mechanism entail a limited range of motion in the desired axis of rotation, 
whereas the conventional revolute joints have an infinite range of motion in the rotational axis.  
Gao et al. developed a micro-manipulator capable of producing micro-motions in six degrees of 
freedom, based on a the design of a single-degree-of-freedom piezoelectric translator composed of a 
piezoelectric stack, a monolithic leaf spring and a preload mechanism [12]. The high-precision 
motion is generated by either extension or contraction deformations of the leaf spring induced by a 
piezoelectric stack, which is controlled by a computer. The displacement resolution reached by this 
translator is better than 10 nm. High-performance actuation is a prerequisite for micromanipulation, 
which often refers to spatial displacements in the region of about 0.001÷ 0.03mm, while the 
required accuracy is of the order of 0.01÷1.0µm. This mechanism has six piezoelectric actuation 
linkages, an upper platform and a lower platform. Each linkage is composed of a piezoelectric 
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 translator and two flexure hinges at both ends. The flexure hinge has many advantages: for instance, 
no friction, no clearance, high displacement resolution and very compact size. The spherical flexure 
hinge has both lower bending as well as torsion stiffness, while its stiffness in the axial direction is 
much higher. It is close to a pure ball joint and has three rotary degrees of freedom. The rotational 
flexure hinge has comparably low bending stiffness only in the single direction, while it 
demonstrates higher stiffness in all other directions: it allows only one relative rotation around an 
axis. For this reason, it is considered to have one degree of freedom. The micro-manipulator is 
supported by six actuation linkages. The nano-manipulator for quasi-static manipulation proposed 
by Culpepper et al. is based on a HexFlex mechanism actuated by electromagnetic actuators [13].  
The design incorporates lever arms to which in-plane and out-of-plane forces may be applied. The 
forces on a tab create a reaction force, Fz, and reaction moments, Mz and Mp. These moments, and 
the displacement they produce, may be tuned by changing the geometry of the tab. The manipulator 
has four major subsystems: the base (monolithic, aluminium), the HexFlexTM mechanism 
(monolithic, 7075 aluminium), thermal isolators (acetal resins) and dual axis electromagnetic 
actuators (aluminium mandrels and copper windings). The use of these low-cost, high thermal 
expansion materials is permissible due to the inherent thermal stability of the mechanism. To 
prevent thermally induced out-of-plane buckling, the base and HexFlex
TM
 mechanism are made 
from the same material, aluminium, which has a high thermal diffusivity. The tabs of the HexFlex
TM
 
mechanism are fitted with housings that contain two sets of magnets, one for each axis. The 
actuators are attached to the base via acetal resin standoffs and Tufnol
TM
 attachment plates. Each 
magnet-coil actuator consists of two sets of coils; a horizontal set for in-plane actuation and a 
vertical set for out-of-plane actuation. Capacitance probes attached to the base are used to measure 
the displacement between the base and a target which is affixed to the HexFlex
TM
 stage.  
In their work Choi et al. propose a large displacement flexure based nano-precision XY 
positioning stage for vacuum-based semiconductor equipment [14]. The key feature of this device is 
that it is a macro motion stage able to support the weight of the stage and guide the motion by a 
mechanism based purely on flexure joint. The weight support mechanism of the motion stage is 
made of links and flexure joints, and a linear motor is used as the actuator. Crossed strip type 
flexure joints that provide large rotation were used. This stage is not a dual servo stage, but it can 
provide large motion range of greater than 200 x 200mm2 to support a substrate during 
semiconductor manufacturing. An over-constrained mechanism is used to incorporate symmetry to 
cancel out the effects of centre shifting in large motion flexures. A single-axis motion stage which 
can move kinematically up to 200 mm was fabricated. Majority of the fabricated parts was made 
with aluminium alloy while others, such as links and flexure joints, were made with stainless steel. 
It is actuated by a high-resolution linear motor with a laser interferometer providing real-time 
position feedback. A digital PID control algorithm is employed to control the position of the stage.. 
A 10 mm step is repeated five times and a 50 mm displacement is obtained overall. The standard 
deviation of the X position is around 170~300 nm. The straightness error and yaw test results show 
very repeatable behavior. The repeatability of the horizontal straightness of the stage is about 
3.9µm, but the stage shows a very excellent yaw repeatability of 0.0045mrad. The major reason for 
relatively large straightness repeatability error is low lateral stiffness of the flexure stage. The 
repeatability of the vertical deflection of the motion stage is less than 0.84µm which is better than 
the horizontal case. The stage shows a very excellent pitch repeatability of 2.97µrad. Therefore, the 
stage has very excellent angular error repeatability in both yaw and pitch. Choi et al. show a 
configuration of a nano-positioning stage driven by piezoelectric [15]. The stage has the structure of 
a monolithic nested-loop type moving plates, in which each moving plate is guided by two four-link 
mechanisms. The four-link mechanism plays roles of motion guidance for translation as well as 
transmission of a preload to the piezoelectric element. The four hinges of the four-link mechanism 
are implemented by four round-notched flexure hinges. Due to the nested-loop type structure, the 
moving plates are actuated independently each other by piezoelectric elements so that the stage can 
avoid coupled interference motions. The flexure hinges in the four-link mechanism deform along 
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 both axial and rotational directions when the plate moves along translational direction. However the 
axial deformation of the flexure hinges are so small compared to the small translation of the plate 
that they may be ignored as demonstrated by experimental results: the angular errors measured (θx, 
θy, θz) are lower than 50µrad. The stage has a working range of 25 x 25µm2. The resolution of this 
stage at the steady-state is 5 nm. Yi et al. [16] present a 3-DOF parallel mechanism consists of a 
platform and three chains, each of which has three flexure hinges. This mechanism employs flexure 
hinges at all joints and the joints are actuated by piezo actuators. The three chains are 120 apart 
from each other; this symmetric structure reduces the effect of the temperature gradient and 
disturbance. The first and second hinges of each chain are antagonistically actuated by pair piezo-
actuators. The first pair of actuators are attached to the base frame of the mechanism and the second 
pair attached to the second link. All actuators push the circular surface of each link for fine sliding 
and rotational motions. The stroke of the piezo-actuator is 17.4µm, this allows a motion range of 
0÷100µm in the x and y directions, and 0÷0.1° in the θ direction. The six mobility micro-
mechanism shows negligible errors in the other directions, and a minor error of 5÷10% in the 
commanding direction. The XY flexure design proposed by Awtar et al. [17] is characterized by a 
large ranges of motion and substantially small error-motions. The design is based on a constraint 
arrangement that is realized by utilizing the double parallelogram flexure module. The constraint 
arrangement includes four basic rigid stages: ground, motion stage, and intermediate stages.  
Merlo et al. [18] present a novel adaptive fixturing based on active clamping forces for smart 
micro-positioning of thin walled precision parts. The proposed adaptive fixturing device can lead to 
perform an automatic errors-free workpiece clamping drastically reducing the overall fixturing set 
up time. The adaptive fixturing is able to overcome the drawbacks of the conventional fixture 
adding new capabilities, like automatic recovering of clamping errors and workpiece distortions. 
The adaptive fixturing is based on the Active Clamps concept. 
Conclusions 
This paper presents a review of the actual state of art of the main precision positioning solutions 
based on flexure hinge. Many opportunities can be obtained from the proposed technologies for 
precision positioning of industrial machines. Table 1 shows the comparison of the main features of 
the precision positioning systems based on flexure hinges actuated by smart actuators. 
 
Tab.1. The main features of the precision positioning systems based on flexure hinges  
Authors Year DOF 
Range of motion 
(stroke) 
Resolution Accuracy 
Gao et al. 1999 6 111.6µrad in θz --- --- 
Culpepper et al. 2004 6 
100nm in x, y, z 
100µm in x, y, z 
~ nm in all 
directions 
---. 
Choi et. Al. 2008 2 200mm in x, y --- 170÷300nm in x  
Choi et al. 2003 2 25µm in x, y 5nm in x, y --- 
Yi B.-K. et al. 2003 3 
100µm in x, y 
0.1° in θz 
--- 
~ 5µm in commanding 
direction 
Awtar et al. 2005 2 5mm in x, y --- 10µm 
Merlo et al. 2011 3 ±20 µm in z 10÷50 nm 1 µm 
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